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Online Compensation of Torque Sharing Function for Torque Ripple Minimization in Switched Reluctance Motors
 
Abstract—In this paper, a new online compensation of torque sharing function (OCTSF) method is proposed to minimize the torque ripple in switched reluctance motors (SRMs). For SRMs, the torque ripple is a serious issue which is mainly produced by the overlapped conduction phases in the commutation region. In conventional TSF-based direct instantaneous torque control (DITC) drive, the incoming phase torque cannot achieve the reference torque perfectly and the outgoing phase torque also cannot drop down to the torque reference quickly in the commutation region. Hence, in order to minimize the torque ripple, the TSF of the outgoing phase is proposed to be used to realize the positive compensation at the start of the commutation and the TSF of the incoming phase is used to achieve the negative compensation at the end of the commutation. Two proportional-integral (PI) controllers are designed for online TSF compensation. Moreover, compared to the hard-chopping mode in conventional TSF strategies, the hard-chopping and soft-chopping modes are both employed in the proposed scheme to reduce the switching actions. The simulation and experiments based on a 750 W three-phase 12/8 SRM are carried out to verify the effectiveness of the proposed OCTSF method.

Index Terms—Online compensation of torque sharing function (OCTSF), switched reluctance motors (SRMs), torque ripple minimization, hybrid chopping mode.
I.	Introduction
Over the last few decades, switched reluctance motors (SRMs) have been one of the most promising and attracting motors for industrial applications due to their rare-earth-free features and the advantages of robust construction, low cost, high efficiency and fault-tolerance ability [1]-[11]. However, the torque ripple is one primary disadvantage due to highly saturated magnetic circuit and discrete excitation of phase windings for torque production [12]-[18]. Especially, the torque ripple is severer during phase commutation, which limits their wide applications. Reducing the torque ripple has been one significant process for SRMs. Therefore, many advanced schemes have been proposed to deal with the torque ripple issue.
In general, there are two ways to suppress the torque ripple for SRMs. One way is to improve the magnetization characteristics of SRM by optimizing the motor structure parameters [19]-[22], including the stator and rotor pole arcs [19], [20], air-gap [21], and number of poles [22]. However, these improvements easily lead to torque decreasing. Another way focuses on control strategy developments to mitigate the torque ripple. In [23] a fault-tolerant topology based on the central-tapped node is proposed in SRM drives to reduce the torque ripple in faulty states. However, the fault-tolerant circuit adds cost to the motor drive. In [24], the differences in torque production mechanisms between SRMs and conventional dc/ac machines are analysed in details. The extensive review of the approaches to minimize the torque ripple is presented, including torque sharing function (TSF) technique, linearization and decoupling techniques (LDTs), fuzzy-logic-based controller strategy, wide-speed-range techniques and neural-network-based techniques, etc. In [25], a combination of motor structure design and current control strategy development is proposed for torque ripple minimization. Firstly, a SRM with smooth and symmetric phase torque for the widest possible speed range is designed. Then, the initial current profile based on the static torque-phase current-rotor position (T-i-θ) characteristics is generated. Finally, the optimum current profile is found by torque feedback through a high-fidelity simulation model or experiment, which need large quantity works for fine tuning. A novel iterative learning control (ILC)-based current controller is presented in [26], which can achieve excellent current tracking under different operation modes without considering the accurate motor parameters. In [27], an online average torque estimation technique is developed for closed-loop control, which can be used for the reference torque modification by changing the reference current and switching angles. A high-performance current controller based on the online estimated parameters is proposed in [28] by current profiling to reduce toque ripple. In order to model the non-linearity of SRM, a two-dimensional B-spline neural network is employed to estimate the back electromotive force (EMF) and incremental inductance in real-time. In [29], a direct instantaneous torque control (DITC) is presented based on the co-energy control by following a co-energy profile. 
Among these schemes, the TSF strategy is a more effective method for SRM torque control. This scheme aims at distributing the total torque reference to each phase and controlling the actual phase torque to track its torque reference [30]-[35]. A Lyapunov function-based controller is proposed in [30], which is robust in the presence of uncertainties in the flux-linkage model and ensures fast torque error convergence in the presence of time-varying torque reference. Considering the significance of the turn-on and overlap angles in the TSF, a genetic algorithm is proposed to optimize these angles in order to minimize the copper loss and maximize the speed range [31]. An offline TSF is proposed in [32] to reduce the torque ripple, and the objective function of proposed TSF is composed of two secondary objectives with a Tikhonov factor to minimize the square of the phase current (copper loss) and derivatives of current references (rate of change of flux linkage). A TSF family is proposed for the optimal TSF selection to satisfy the requirements of copper losses and torque ripple minimizations in [33]. A new and simple nonlinear logical TSF for SRM drives is designed by using nonlinear TSF to manipulate currents in two adjacent phases during commutation [34], where one phase torque is controlled and the others remain the previous states under a certain current limit for constant torque generation. In [35], two operation modes (i.e., mode I and mode II) are defined in the commutation region according to the absolute value of rate of change of flux linkage (ARCFL). In mode I, ARCFL of incoming phase is higher, while in mode II ARCFL of outgoing phase is higher. Two compensators is used to add the torque reference of outgoing phase in Mode I and incoming phase in Mode II, respectively. However, the instantaneous torque is not directly considered in the mode definition and the parameters of two compensators are the same, which is not adapted to the vibration of the system parameters.
In this paper, an online compensation of TSF (OCTSF) method for SRM torque ripple minimization is proposed. In the proposed scheme, the commutation region is divided into two regions, and the separation point is defined as where the actual torque of incoming phase is equal to its reference. Considering the torque of incoming phase cannot track its reference perfectly at the start of commutation, the outgoing phase is utilized to realize the positive compensation of the TSF by employing a proportional-integral (PI) compensator. Similarly, the outgoing phase torque cannot drop down to its reference quickly at the end of commutation region, and the incoming phase is used to realize the negative compensation of the TSF by applying another PI compensator. In order to reduce the torque ripple more effectively, the two PI compensators are independently controlled. Furthermore, the hybrid chopping mode (i.e., the combination of the hard-chopping and soft-chopping modes) is also adopted in this scheme for lower switching actions. The simulation and experiments are carried out on a 750W three-phase 12/8-pole SRM prototype to show the effectiveness of the proposed scheme for SRM torque ripple minimization. 
II.	Analysis of Conventional TSF-Based DITC Scheme
A.	SRM Drive System




           
(b)                                 (c)                                        (d) 
Fig. 1. SRM converter. (a) Asymmetrical half-bridge power converter. (b) Voltage state 1. (c) Voltage state 0. (d) Voltage state -1.

The phase voltage and instantaneous torque are given by
                                                        (1)
                                 (2)
where Uk , ik , Rk are the kth phase voltage, phase current and phase resistance, respectively; Ψk (θ, ik ) is the kth flux linkage; Te(k) is the instantaneous torque of kth phase; Wc (θ, ik ) is the co-energy; Lk is the phase inductance, and θ is the rotor angular position.
B.	Conventional TSF-Based Scheme
The block diagram of the conventional TSF-based DITC is shown in Fig. 2. The torque reference of each phase can be defined in terms of the TSF, and the instantaneous phase torque is estimated according to the rotor position and phase current in a look-up table including the T-i-θ characteristics of the motor. The switching signals are derived from the torque hysteresis comparator. 

Fig. 2. Block diagram of conventional TSF-based DITC.

In order to maintain the total instantaneous torque at a constant value for torque ripple reduction, the sum of the TSF of each phase should always be 1, as expressed in (3).
                                                                              (3)
where fk (θ) is the TSF of kth phase. 
The commonly used TSF includes the linear, cosine, cubic and exponential TSFs [35]. For instant, the cosine TSF is selected in this paper, as expressed in (4), and the torque reference of each phase can be obtained from (5).  
 (4)                                         (5)
where θon is the turn-on angle, θoff is the turn-off angle, θov is the overlap angle, Te_ref (k) is the kth phase torque reference and Te_ref  is the total torque reference.
At the start of the commutation, the instantaneous torque produced by incoming phase is near the unaligned rotor position where the incremental inductance reaches its minimum value. According to (2), the produced phase torque is inadequate to track the torque reference. At the end of the commutation, the instantaneous torque produced by outgoing phase is near the aligned rotor position where the incremental inductance reaches its maximum value, and the torque would not drop to its reference quickly due to the current tail. In addition, the limitation of the bus voltage in high speed operation will also deteriorate the torque tracking performance. Therefore, the torque ripple is severe in the commutation region. 

Fig. 3. Actual phase torque, torque reference and switching signals in the conventional TSF.
Fig. 3 illustrates the actual phase torque Te (k), torque reference Te_ref (k) and switching signals Q1 and Q2 based on the analysis above. In conventional TSF control schemes, the hard-chopping mode is usually adopted to provide the same drive signals to the upper- and lower-switches of each phase. Although both the upper- and lower-switches are turned on at the start of the commutation region, the incoming phase torque cannot rise quickly to track its reference; and the outgoing phase torque cannot fall off rapidly to track its reference when both the switches are turned off at the end of the commutation region. 
III.	Proposed OCTSF-Based Scheme
A. Principle of the proposed method 
A novel OCTSF scheme is proposed in this paper to optimize the TSF, as illustrated in Fig. 4. The torque reference of each phase is obtained from the PI controlled OCTSF. In order to minimize the torque ripple, the PI controllers are used to compensate the TSF online. According to the output of hysteresis comparator and rotor position, the switching rule is designed to realize the combination of hard-chopping and soft-chopping modes.


Fig. 4. Block diagram of the proposed OCTSF-based DITC scheme. 

In order to achieve the TSF compensation, the commutation region is divided into two regions. The separation point is set where the actual torque of incoming phase is equal to its reference, which ensures the sufficient positive compensation before the incoming phase torque can track its reference. The separation point is adjusted online according to the operation states of the motor, as shown in Fig. 5 (a) and (b). The comparison of the conventional TSF and proposed OCTSF is also presented in these figures. The OCTSF of outgoing phase in Region I is higher than its previous states without any compensator, while the OCTSF of incoming phase is lower in Region II.





Fig. 5. Comparison between conventional TSF and proposed OCTSF. (a) State 1. (b) State 2.

Fig. 6 illustrates the method to compensate the TSF by PI controllers. In Region I, the actual torque of incoming phase is inadequate due to the low incremental inductance and phase voltage limitation. Considering the outgoing phase has a better tracking ability in this region, the positive torque compensation is adopted in the outgoing phase for torque ripple reduction. The control block diagram in Region I is presented in Fig. 6 (a), where kth phase is the incoming phase and (k-1)th phase is the outgoing phase. 
In order to obtain the online torque compensation according to the motor operations, the torque tracking error △TI caused by incoming phase in Region I should be calculated in real time. The actual torque is smaller than its reference, as shown in Fig. 3, and the torque error is defined as 
                                                         (6)
Since the torque reference is defined by the TSF, the torque compensation can be realized by modifying the TSF. By applying the PI compensators to the TSF, the torque tracking error △TI can be transformed into the modification value of the TSF, i.e., △f I. The new OCTSF of the outgoing phase is given by
                                                      (7)
The new torque reference of outgoing phase in Region I is given by 
                                                    (8)
The torque reference of incoming phase keeps unchanged, expressed as







Fig. 6. Online TSF compensation. (a) Block diagram of OCTSF in Region I. (b) Block diagram of OCTSF in Region II.

In Region II, due to the high incremental inductance and voltage limitation, the actual torque of outgoing phase cannot fall off rapidly along its torque reference, and the actual total torque is higher than expected torque. However, the torque tracking of incoming phase has better tracking performance in this region. Therefore, the incoming phase can be used to produce a negative torque compensation to modify the torque error caused by the outgoing phase. The control block diagram in this condition is presented in Fig. 6 (b).
In order to achieve the torque compensation in Region II, the torque tracking error △TII caused by outgoing phase should also be calculated in real time. The actual torque is larger than its reference in this region, as shown in Fig. 3, and the error is obtained by
                                           (10)
The negative torque compensation in Region II is realized according to the new online TSF of incoming phase. The modification value of the TSF, i.e., △f II, is produced by another PI compensator. The new generated TSF of incoming phase can be expressed as (11), and its new torque reference in Region II is given in (12). Meanwhile, the TSF and torque reference of the outgoing phase is unchanged, as expressed in (13).
                                        (11)
                                   (12)
                        (13)
In order to reduce the torque ripple and improve the drive performance, the two PI compensators are independently adjusted according to the total torque of the SRM. By the TSF modification of the overlapped phases, the total torque reference is more reasonably distributed to each phase and the torque ripple minimization can be effectively realized. In addition, the combination of soft-chopping and hard-chopping modes is adopted in the proposed scheme to reduce the switching actions, as shown in Fig. 7. In Regions I and II, the same switching signals are both applied to the upper- and lower-switching devices of each phase, which lead to quick tracking for phase torque. In Region III, the upper-switch chops while the lower-switch remains on according to the hysteresis comparator, which is helpful to reduce the switching actions.


Fig. 7. Torque reference and switching signals in the proposed OCTSF scheme.
A.	Comparison of the Existing and Proposed Schemes





Table  I  Comparison of torque ripple reduction methods















Fig. 8. OCTSF model of one phase in MTTALB/Simulink.

The comparison between conventional TSF-based and proposed OCTSF-based DITC schemes is carried out in terms of phase current, switching signals, phase torques, and total torque. The torque ripple is increased during the phase commutation, which is defined as
                                 (14)
where K is the torque ripple, and Tmax, Tmin, Tav are the maximum torque, minimum torque and average torque, respectively.
Fig. 9 (a) shows the simulation waveforms of the conventional DITC scheme at 300 r/min and 1 N·m load. Although the switches are both turned on at the start of the commutation region (Region I), the torque of incoming phase still cannot realize perfect torque tracking because of the lower incremental inductance. The total torque is much lower in Region I than in other regions. At the end of the commutation region, the torque of outgoing phase can realize torque tracking by turning off the switching devices in low speed operations. Therefore, the torque ripple is mainly produced in the earlier stage of the phase commutation, which is about 32.98%. In order to minimize the torque ripple, positive compensation is necessary. In addition, considering that the switching devices adopt the same switching signals in conventional DITC, the hybrid chopping mode can be used to reduce switching actions. Fig. 9 (b) shows the simulation waveforms of proposed OCTSF-based DITC scheme at 300 r/min. Compared to the previous phase torque in the normal state, the outgoing phase torque has an elevation at the start of the commutation, while the incoming phase torque has a little decrease at the end of commutation. The positive torque compensation is used to improve the torque inadequacy caused by the incoming phase, and the negative compensation is utilized to eliminate the effect of the elevation caused by the outgoing phase. The torque ripple is reduced to 20.84%. In addition, considering that the soft-chopping mode would deteriorate the tracking performance further during the commutation, the hard-chopping mode is adopted to achieve the torque tracking. In the other regions, only one phase conducts and soft-chopping mode is adopted to reduce the switching actions, as shown in Fig. 9 (b). 









Fig. 9. Simulation waveforms of phase currents, switching signals, phase torques and total torque. (a) Conventional scheme at 300 r/min. (b) Proposed OCTSF scheme at 300 r/min. (c) Conventional scheme at 1500 r/min. (d) Proposed OCTSF scheme at 1500 r/min.
V.	  Experimental Verification
The experiments are carried out on a 750 W three-phase 12/8-pole SRM prototype. The main motor parameters are illustrated in Table II. The photograph of the experimental platform is shown in Fig. 10. An adjustable dc power source with 100 V is used in the system, and an asymmetrical half-bridge converter is employed to drive the motor. A magnetic brake acts as the load. The phase currents are measured by three current sensors (LA55Ps). The rotor position is measured by a 1000-line incremental encoder. A dSPACE-1006 platform is used for the implementation of the control scheme. The phase torque is obtained according to the phase current and rotor position in a look-up table including the T-i-θ characteristics of the motor, and the torque data stored in the table is measured by using a rotor-clamping device when supplying different steady currents to the motor windings in a rotor position that changes step by step. The waveforms of phase torque and total torque are observed though a digital/ analog (D/A) converter in a multi-channel oscilloscope. The drive signals are generated by the hysteresis comparators with a 0.05 N·m hysteresis band according to the phase torque and rotor position. The proportional and integral gains of the PI controllers are set to 3 and 0.5 in the Region I for PI (I), and 2 and 0.3 in the Region II for PI (II), respectively.
TABLE  II  Motor Parameters
Parameters	Value
Phase number	3
Number of stator poles	12
Number of rotor poles	8




Minimum phase inductance (mH)	27.2
Maximum phase inductance (mH)	256.7
Rotor (​app:ds:rotor​) outer (​app:ds:outer​) diameter (​app:ds:diameter​) (mm)	55
Rotor (​app:ds:rotor​) inner (​app:ds:outer​) diameter (​app:ds:diameter​) (mm)	30
Stator outer (​app:ds:outer​) diameter (​app:ds:diameter​) (mm)	102.5
Stator inner (​app:ds:outer​) diameter (​app:ds:diameter​) (mm)	55.5
Core length (mm)	80
Stator arc angle (deg)	14
Rotor arc angle (deg)	16

Fig. 10. Experimental setup.









Fig. 11. Experiment waveforms. (a) Conventional scheme at 300 r/min. (b) Proposed OCTSF scheme at 300 r/min. (c) Conventional scheme at 1500 r/min. (d) Proposed OCTSF scheme at 1500 r/min.

The conventional DITC scheme for SRM at 1500 r/min is shown in Fig. 11 (c). Similarly, the torque of incoming phase is much lower than its torque reference at the start of commutation. The chopping signals of the switches do not exist at the end of the commutation, and the torque cannot fully track its reference. The torque ripple reaches up to 88.6%. Fig. 11 (d) illustrates the experimental result with the online compensation of TSF at 1500 r/min. In order to compensate the torque reference for torque ripple minimization, the reference of outgoing phase is modified to be higher than its previous value, with the reference of incoming phase unchanged at the start of commutation. A negative compensation is realized in the torque reference of the incoming phase, with the reference of outgoing phase unchanged at the end of commutation. With these optimizations, the total torque becomes smoother than that in the conventional operating conditions, which is about 42.74%.
Fig. 12 shows the experimental waveforms in a closed-loop system implemented by the proposed method. Fig. 12 (a) and (b) show the operation state of the proposed control system in continuous motor acceleration and deceleration conditions, respectively. The actual speed can follow the given value well when the motor speed changes. Fig. 12 (c) and (d) show the operation state at 300 r/min when the load changes. The motor is stabilized within 0.5 s when the load increases or decreases continuously. Clearly, the proposed system has good stability to step changes including speed and load variations.
 
(a)                                                        (b)  
(c)                                                      (d)
Fig. 12. Dynamic response of the proposed scheme to fast transients. (a) Speed variations. (b) Load variations. 

Fig. 13. Torque ripple Comparison.
In order to investigate the effectiveness of the proposed scheme in the torque ripple reduction, the torque ripple comparison of the conventional and proposed schemes is illustrated in Fig. 13. Clearly, the torque ripple is obviously reduced under different speeds, and it is more effective to mitigate the torque ripple at high speed compared to low-speed operations. 
II.	Conclusion
In this paper, a novel OCTSF-based DITC method for SRM torque ripple minimization is proposed, which reduces the torque ripple more significantly compared to the conventional schemes, by the online and dynamic compensation of the TSF. According to the actual motor operation, the commutation region is divided into two regions (Regions I and II). In Region I, in view of the fact that the actual tracking torque of incoming phase is inadequate, the outgoing phase is used to provide the positive compensation by compensating its TSF positively. In Region II, as the tracking torque of outgoing phase cannot fall off quickly, the TSF of incoming phase is negatively compensated to produce a lower torque reference. Therefore, the total torque becomes smoother and the torque ripple is minimized. Meanwhile, the proposed scheme is adapted to a wide speed range with the TSF online compensation, which helps to expand the speed range. Conventionally, the hard-chopping mode is adopted to drive the motors. However, the combination of hard-chopping and soft-chopping modes is used in the proposed scheme to reduce the switching actions. The simulation and experiments are carried out on a 750 W three-phase 12/8-pole SRM to verify the proposed OCTSF scheme for torque ripple minimization.
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